A ngiogenesis is the process of expanding existing blood vessel networks mainly by sprouting new branches that connect and subsequently remodel into a functional vascular circuit. The process is generally initiated in the context of tissue growth, either during development or cancer, during inflammation and wound healing, or during increasing physiological metabolic tissue demands in physical training. Once the new vessels establish nutrient and oxygen supplies that meet the metabolic tissue demand, the vessels will become quiescent (Risau 1997) .
A key trigger of angiogenesis is local tissue hypoxia, which activates local cellular production of proangiogenic growth factors such as vascular endothelial growth factor (VEGF) and cytokines. Previously quiescent endothelial cells of vessels reached by the proangiogenic VEGF signal become (re)activated to initiate the angiogenic program. At the cellular level, the initiation of sprouting angiogenesis requires cells to break out of the vessel wall, degrade basement membrane, change their cell shape, proliferate, and collectively invade the surrounding tissue while remaining connected with the vessel network ( Fig. 1) .
Over the past decade, it has become clear that individual endothelial cells (ECs) adopt specialized phenotypes and functions to coordinate behavior in what might best be described as teamwork (Phng and Gerhardt 2009) .
The endothelial cells spearheading the vascular sprouts are known as the endothelial tip cells (Gerhardt et al. 2003) . Tip cells are characterized by their position, their long and dynamic filopodia, and their migratory behavior (Gerhardt et al. 2003) . Analogous to an axonal growth cone, the tip cells integrate attractive and repulsive directional cues presented by the environment and thereby define the route in which the new sprout grows (Gerhardt et al. 2003) . Moreover, the tip cells are required to create new connections between different sprouts to generate an interconnected and functional vascular network ( Fig. 1) (Isogai et al. 2003) .
Following the tip cells are the endothelial stalk cells, which produce fewer filopodia, are highly proliferative, establish adherent and tight junctions to ensure the stability of the new sprout, and form the nascent vascular lumen ( Fig. 1) (Gerhardt et al. 2003; Dejana et al. 2009; Iruela-Arispe and Davis 2009; Phng and Gerhardt 2009 ).
Additionally to the morphologic and functional differences, tip and stalk cells exhibit distinct gene expression profiles. Several recent transcriptional profiling efforts established a list of genes enriched in tip cells, including cellsurface receptors, growth factors, neuronal guidance receptors, and matrix-degrading proteases, as well as matrix components and more. 
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Examples are Dll4, VEGFR2, VEGFR3, PDGFB, Ang-2, UNC5B, CXCR4, and Nidogen-2 (Gerhardt et al. 2003; Claxton and Fruttiger 2004; Lu et al. 2004; Tammela et al. 2008) . Current efforts aim to decipher the functional relevance of the differential expression between tip and stalk cells for the coordinated behavior of the endothelial cells in the nascent sprout.
One of the first questions that arise from the observation of different endothelial cell phenotypes in the vascular sprout is: How are these cellular phenotypes specified? Studies in mouse and zebrafish development, in in vitro sprouting assays and in tumor angiogenesis, illustrate that the VEGF and Notch signaling pathways are fundamental for the specification of the endothelial cells into tip and stalk cells during the angiogenic sprouting process in physiological and pathological conditions (Gerhardt et al. 2003; Noguera-Troise et al. 2006; Ridgway et al. 2006; Hellstrom et al. 2007b; Leslie et al. 2007; Lobov et al. 2007; Siekmann and Lawson 2007; Suchting et al. 2007; Phng and Gerhardt 2009; ). Before discussing how VEGF and Notch engage in this process, we will briefly summarize key aspects of each signaling pathway.
VEGF SIGNALING PATHWAY
The vascular endothelial growth factor (VEGF) signaling pathway is essential for the regulation of sprouting angiogenesis in physiological and pathological conditions, controlling multiple aspects of endothelial behavior such as endothelial differentiation, migration, proliferation, survival, and permeability control (Fig. 2) (Ferrara et al. 2003) .
In mammals, the VEGF family of growth factors encompasses six secreted dimeric glycoproteins (VEGF-A, -B, -C, -D, -E, and placenta growth factor [PlGF]), which display distinct affinities for three tyrosine kinase receptors (VEGF receptor 1 [VEGFR1], 2 [VEGFR2], and 3 [VEGFR3]) (Fig. 2) . The VEGF ligands are expressed in many cells and tissues, whereas the receptors were initially considered endothelial-specific. VEGFR1 and 2 are most strongly expressed in vascular endothelial cells but are also expressed in myeloid cells and neurons (Barleon et al. 1996; Bellon et al. 2010; Muramatsu et al. 2010 ). In the adult, VEGFR3 is restricted to the lymphatic endothelium. However, activated blood endothelial cells in the embryo and during postnatal and tumor angiogenesis up-regulate VEGFR3 expression and signaling (Tammela et al. 2008) .
Among the different ligands, VEGF-A is most prominently involved in the angiogenic process. VEGF-A expression is induced by hypoxic conditions (in a hypoxia-inducible factor Hif1/2-dependent manner), cytokines, growth factors, hormones, oncogenes, and tumor-suppressor genes (Dvorak 2005) . Different VEGF-A splice isoforms have been reported in human and mouse (Tischer et al. 1991) . These splice variants differ in their tissue distribution because of the presence or absence of carboxy-terminal heparan-sulfate-binding retention motifs that mediate interactions with cell surface and extracellular matrix proteoglycans (Park et al. 1993) . All VEGF-A isoforms interact specifically with VEGFR1 and VEGFR2 but show highest affinity for binding to VEGFR1. Nevertheless, the tyrosine kinase activity of VEGFR2 is the main mediator of VEGF-A signaling during sprouting angiogenesis ( Fig. 2) (Takahashi and Shibuya 2005; Olsson et al. 2006) . VEGF-C-activating VEGFR3 has also been shown to mediate proangiogenic signaling, and the processed form of VEGF-C can also activate VEGFR2. In brief, the VEGF ligand -receptor interaction induces dimerization of the VEGF receptor, which, in turn, results in the autophosphorylation of different tyrosine residues that recruit SH-2-containing adaptors and downstream kinases. Successively, this process activates a variety of downstream signaling pathways that regulate endothelial cell migration, survival, proliferation, and tube formation (Fig. 2) .
In contrast to VEGFR2, VEGFR1 has very weak kinase activity and acts as a decoy receptor, competitively reducing VEGF binding to VEGFR2 and therefore limiting the activity of VEGF pathway in the vascular endothelial cells (Park et al. 1994 ). In addition, alternative splicing of VEGFR1 produces a soluble isoform of this receptor (sVEGFR1) that sequesters VEGF in the extracellular medium and thereby modulates VEGF signaling in the vascular endothelium (Tanaka et al. 1997) . Furthermore, the cell-surface glycoproteins neuropilin1 (Nrp1) and neuropilin2 (Nrp2), originally identified as receptors for semaphorins, also modulate the VEGF signaling output. Both proteins act as VEGF non-kinase coreceptors, enhancing the binding activity of VEGF to VEGFR1 and 2 in the case of Nrp1, and of VEGF-C to VEGFR3 in the case of Nrp2 (Fig. 2) (Ferrara et al. 2003; Takahashi and Shibuya 2005) .
Direct evidence for the implication of VEGF ligand and receptors in vasculogenesis and angiogenesis comes from the study of knockout mice for the VEGF ligand and the different VEGFRs genes. In general, homozygous deletion for the VEGF-A gene or any of the VEGFRs genes involved in the VEGF signaling pathway leads to embryonic death in utero between embryonic days 8.5 (E8.5) and E10.5, as a consequence of abnormal vascular development (Fong et al. 1995; Shalaby et al. 1995; Carmeliet et al. 1996; Ferrara et al. 1996 ; Dumont et al. Activation of VEGFR1 and VEGFR2 regulates vasculogenesis and angiogenesis. However, activation of VEGFR3 stimulates lymphangiogenesis and embryonic angiogenesis. In particular, during sprouting angiogenesis VEGFR2 is the principal mediator of VEGF-A signaling, activating a variety of downstream signaling pathways that regulate endothelial cell migration, survival, proliferation, and tube formation. In contrast, VEGFR1 or sVEGFR1, acting as a decoy receptor, limits the VEGF activity in the vascular endothelium.
1998). Importantly, embryonic lethality between days E11 and E12 has also been observed associated with the heterozygous deletion of VEGF-A (Carmeliet et al. 1996; Ferrara et al. 1996) . As is discussed below, VEGF-A and Dll4 (Notch pathway ligand) are the only proteins of both pathways for which the heterozygosity results in a lethal embryonic phenotype, highlighting the essential and unique role of both proteins during angiogenesis. In contrast, deletion of VEGF-B, -C, or PlGF genes produces only subtle vascular phenotypes during development (Autiero et al. 2003; Reichelt et al. 2003) .
NOTCH SIGNALING PATHWAY
The Notch pathway is an evolutionarily conserved intercellular contact-dependent signaling mechanism involved in multiple cell fate decisions and patterning processes during normal development. (Ellisen et al. 1991; Weinmaster et al. 1992; Lardelli et al. 1994; Bettenhausen and Gossler 1995; Lindsell et al. 1995; Shawber et al. 1996; Uyttendaele et al. 1996; Dunwoodie et al. 1997; Rao et al. 2000; Shutter et al. 2000; Mailhos et al. 2001) . Notch signaling begins with receptor-ligand interactions between neighboring cells. This interaction triggers a series of proteolytic cleavages of the Notch receptors. The final one, catalyzed by the g-secretase complex, releases the active Notch intercellular domain (NICD) from the cell membrane (Weinmaster 1998; Mumm and Kopan 2000) . Subsequently, NICD translocates to the nucleus, where it interacts directly with the transcription factor CSL (also known as CBF1, Su [H], or Lag2). In absence of NICD, CSL functions as a transcriptional repressor through association with a corepressor complex that contains, among other components, histone deacetylases (Kao et al. 1998) . Following binding of NICD to CSL, the corepressor complex is converted into an activation complex by displacing corepressors and recruiting coactivators. NICD, CSL, Mastermind-like (MAML) polypeptides, and the histone acetylase CBP/p300 are key components of the Notch transcriptional activator complex (Fryer et al. 2002; Jeffries et al. 2002) . Recruitment of the coactivator complex to promoters containing CSL-binding elements induces transcriptional gene activation. This signaling mechanism is known as the "canonical Notch pathway" (Fig. 3) . Hairy/enhancer of split (HES) and HES-related proteins (HEY/HRT/HERP) family genes are wellcharacterized direct target genes of Notch signaling (Nakagawa et al. 2000; Davis and Turner 2001; Iso et al. 2003) . Moreover, the Dll4 ligand itself is also a target gene regulated by the Notch signaling pathway (Uyttendaele et al. 1996; Sainson et al. 2005) .
Multiple observations indicate that the Notch signaling pathway plays a key role at different stages of vascular development. The Notch receptors 1 and 4 and also four of the five different ligands are expressed in the vasculature (Hofmann and Luisa Iruela-Arispe 2007) . Furthermore, global knockout mice for Notch1 and Notch1/Notch4, as well as Jagged 1, die in utero, between E9.5 and E10.5, displaying severe vascular abnormalities produced by the lack of capacity to remodel the primordial vascular plexus into a hierarchical network (Xue et al. 1999; Krebs et al. 2000) . Similarly to knockout studies, mice with a constitutive endothelium-specific expression of an activated allele for Notch4 (Notch4/int3) die during embryonic development, at day E10.5, and show vascular remodeling abnormalities reminiscent of those observed in Notch1-deficient mice (Uyttendaele et al. 2001) . Moreover, mice deficient in Dll4 ligand die during early embryogenesis from vascular defects similar to those of Notch1/Notch4-deficient mice. Surprisingly, the genetic requirement of Dll4 is dose-dependent, and heterozygous Dll4 deletion is also lethal on most genetic backgrounds. Haploinsufficiency of Dll4 ligand results in vascular remodeling defects, arteriovenous malformation, and an incomplete formation of arteries (Duarte et al. 2004; Gale et al. 2004; Krebs et al. 2004 ). Moreover, Dll4 þ/ -mice show an increase in the number of vascular sprouts and vessel branches in the growing front of some vascular beds, such as yolk sac (Gale et al. 2004) . It is important to note that the Dll4 ligand is the only Notch pathway component showing haploinsufficiency (Duarte et al. 2004; Gale et al. 2004; Krebs et al. 2004) , highlighting the particular importance of Dll4 in vascular development. Furthermore, endothelial-specific deletion of CSL leads to similar defects as in Notch1, Notch1/Notch4, or Dll4 knockout mice. Additionally, simultaneous inactivation of two transcriptional genes regulated by the Notch signaling pathway, Hey1 and Hey2, also results in embryonic lethality due to vascular defects (Fisher et al. 2003) .
In sum, these different phenotypes show that the Notch pathway must be tightly regulated to ensure proper vascular formation during embryonic development, postnatal angiogenesis, and, as we will discuss below, during pathological angiogenesis (Limbourg et al. 2005; Noguera-Troise et al. 2006; Ridgway et al. 2006; Li et al. 2007; Takeshita et al. 2007 Figure 3 . Canonical Notch signaling pathway. The Notch pathway is an evolutionarily conserved intercellular signaling mechanism implicated in cell fate determination and differentiation of endothelial cells. Notch signaling begins with receptor-ligand interaction between neighboring cells. This interaction triggers a series of proteolytic cleavages of the Notch receptor. The final one, catalyzed by the g-secretase complex, releases the active Notch intercellular domain (NICD) from the cell membrane. NICD is translocated to the nucleus, where it interacts directly with the transcription factor CSL. Following binding of NICD to CSL, the repressor complex is converted into an activating complex by displacing corepressors and recruiting coactivators. After the coactivator complex is recruited, the transcription of promoters that contains CSL-binding elements is induced. Hairy/enhancer of split (HES) and HES-related proteins (HEY/HRT/HERP) family genes are included among the target genes of Notch signaling. Dll4 ligand is also a target gene regulated by the Notch signaling pathway.
IMPLICATION OF VEGF AND NOTCH PATHWAY ON TIP/STALK SELECTION
VEGF-A and Notch signaling pathways are key players governing tip and stalk cell behavior (Fig. 4) .
Normal sprouting angiogenesis in the mouse retina requires a gradient of the proangiogenic factor VEGF-A (Ruhrberg et al. 2002; Gerhardt et al. 2003 ). This local VEGF-A gradient is produced by the preformed astrocyte network that serves as a guiding scaffold for the developing retinal plexus (Fruttiger 2002; Gerhardt et al. 2003) . In fact, the tip cells are closely attached to the astrocytes, and their filopodia extend along the astrocytes toward higher VEGF-A concentrations in this gradient (Gerhardt et al. 2003) . Interestingly, if VEGF-A stimulation is blocked using sVEGFR1 or neutralizing the signaling through VEGFR2 with antibodies, the tip cell filopodia are completely retracted in the sprouting retinal front . Tip/stalk cell specification during sprouting angiogenesis. During sprouting angiogenesis, VEGF and Notch signaling pathways are implicated in the specification of tip and stalk cells in the vascular endothelium. VEGF interacts with VEGFR2, expressed at the surface of the endothelial cells of the quiescent vessels. Nrp1 modulates the VEGF signaling output, enhancing the binding activity and signaling of VEGF through VEGFR2. Under VEGF stimulation, Dll4 expression is up-regulated in the tip cells. In turn, Dll4 ligand activates Notch signaling in the stalk, consequently suppressing the tip cell phenotype. Notch signaling activation reduces VEGFR2 expression and increases VEGFR1/sVEGFR1 levels as well as the expression of different Notch target genes (e.g., Notch-regulated ankyrin repeat protein [Nrarp] ). In contrast, the tip cell receives low Notch signaling, allowing high expression of VEGFR2 and Nrp1, but low VEGFR1. Contrary to Dll4, Jagged1 ligand is expressed by the stalk cells. Jagged1 antagonizes Dll4-Notch signaling in the sprouting front when the Notch receptor is modified by the glycosyltranferase Fringe, thereby enhancing differential Notch activity between tip and stalk cells. The duration and amplitude of the Notch signal are modulated by the histone deacetylase SIRT1, which, by direct deacetylation, primes the Notch intracellular domain for ubiquitination and degradation.
VEGF and Notch in Tip and Stalk Cell Selection
Cite this article as Cold Spring Harb Perspect Med 2013;3:a006569 www.perspectivesinmedicine.org (Gerhardt et al. 2003; Suchting et al. 2007 ), preventing tip cell migration and thus progression of vascular sprouting seizes (Gerhardt et al. 2003) . In contrast, stimulation of quiescent vessels with VEGF-A induces filopodia formation and tip cell gene expression (Hellstrom et al. 2007a) , together illustrating that VEGF-A is both necessary and sufficient to induce endothelial tip cells. Similar observations in zebrafish embryogenesis (Leslie et al. 2007 ) and other tissues in the mouse confirm the general importance of this concept.
If VEGF-A induces tip cell formation, it is surprising to see that tip cells are normally not formed by adjacent endothelial cells but form at characteristic intervals, enabling adequately spaced branching and sprouting. The molecular mechanism responsible for the fact that not all endothelial cells stimulated by VEGF become tip cells is based on the activity of Dll4/Notch signaling (Fig. 4) .
Under physiological conditions, short-term administration of g-secretase inhibitors (GSIs), which potently block Notch signaling, or pharmacological inhibition of Dll4/Notch interactions with a neutralizing antibody (Dll4-Fc) dramatically increases sprouting, branching, and filopodia formation at the leading front of the retinal vascular plexus in development, resulting in a much denser and more interconnected plexus (Fig. 5) (Hellstrom et al. 2007b; Lobov et al. 2007; Suchting et al. 2007 ). The hypersprouting phenotype correlates with an increase in endothelial cells positive for the tip cell markers PDGFB or UNC5B and the number of endothelial filopodia protrusions, indicating increased tip cell formation in the absence of Notch signaling (Fig. 5) (Hellstrom et al. 2007b; Suchting et al. 2007 ). Similar effects have been reported in the postnatal mouse retina and embryonic hindbrain vascularization after genetic deletion of one Dll4 allele or endothelial-specific Notch1 loss of function (VEcadCreER T2 /R26R/Notch1 fl/fl mice) (Hellstrom et al. 2007b; Lobov et al. 2007; Suchting et al. 2007 ). Both the pharmacological inhibition and genetic studies illustrate that the Dll4/ Notch pathway critically regulates the formation of an adequate ratio of tip and stalk cells by suppressing tip cell formation in adjacent cells (Figs. 4,5) . Notch gain-of-function studies further support this idea; activation of Notch signaling using a synthetic Jagged1 ligand peptide reduces filopodia formation and branching, suggesting a decrease in the number of endothelial cells that acquire tip cell behavior (Hellstrom et al. 2007b) .
Several studies in zebrafish embryogenesis illustrated that the role of Notch signaling in angiogenesis is evolutionarily conserved (Leslie et al. 2007; Siekmann and Lawson 2007) . Knocking down, with a morpholino oligonucleotide, the translation of Rbpsuh protein, a DNA-binding protein that mediates transcription of Notch target genes (Lecourtois and Schweisguth 1995) (known as CSL protein in mice), results in excessive sprouting and branching of the segmental arteries. Additionally, more endothelial cells in the arteries display a migratory behavior, typically restricted to the leading tip cells. These cells also show greatly increased filopodia activity and up-regulation of tip cell markers such as VEGFR3 (Siekmann and Lawson 2007) . GSI treatment, as well as Dll4, or Notch1b loss-of-function phenocopies the segmental artery defects associated with Rbpsuh loss of function, whereas overactivation of the Notch pathway suppresses angiogenesis (Leslie et al. 2007; Siekmann and Lawson 2007) . Transplantation experiments illustrated that knockdown of active Notch signaling promotes tip cell formation, whereas overexpression of active Notch inhibits tip cell formation in a cell-autonomous manner, illustrating that the activation status of Notch signaling quantitatively determines the ability of individual cells to become tip or stalk cells within the sprout.
Dll4 is not the only Notch ligand involved in tip cell regulation. Recent studies showed that Jagged1 is more strongly expressed in stalk cells (Hofmann and Luisa Iruela-Arispe 2007; Benedito et al. 2009 ). Genetic deletion or endothelial overexpression of Jagged1 in vivo resulted in dramatically reduced or increased sprouting, respectively (Fig. 5) . Surprisingly, endothelial Notch signaling is more active in the absence of Jagged1, indicating that Jagged1 negatively regulates Notch activity (Figs. 4 and 5) . In vitro studies confirmed that Jagged1 antagonizes Dll4 -Notch signaling, suggesting, together with the complementary distribution of Dll4 and Jagged in the growing vascular plexus, that Jagged1 enhances differential Notch activity by competitively interfering with the ability of Dll4 expressed by stalk cells to activate Notch in tip cells (Figs. 4 and 5) (Benedito et al. 2009 ). Intriguingly, the investigators show that the differential ability of Jagged1 and Dll4 ligands to activate Notch is dependent on the glycosyltransferase Fringe. Whereas the glycosylated Notch receptor shows strong activation by Dll4 and competitive inhibition by Jagged1, the unglycosylated receptor in the absence of Fringe can be activated by Jagged1 (Fig. 4) (Benedito et al. 2009 ). Exactly how this glycosylation event by Fringe might be controlled and whether it can locally function to fine-tune Notch-mediated vascular density remain to be shown. Nevertheless, the differential expression and action of Dll4 and Jagged1 illustrate that the output of the Notch signaling pathway, which appears to function as a central regulator of vascular branching, can be modulated not only by the quantity of individual ligands, but also by their activity profile when interacting with the receptor. As we see below, the Notch output can further be regulated by multiple feedback mechanisms that affect both the quantity and duration of Notch signaling. VEGF and Notch signaling have, in addition to their role in developmental and physiological angiogenesis, also been implied in tip/stalk specification during pathological angiogenesis, such as ischemic retinopathy or cancer (Noguera-Troise et al. 2006; Ridgway et al. 2006; Lobov et al. 2007) .
In the murine model of oxygen-induced ischemic retinopathy (OIR), in which neovascularization is triggered by initial oxygeninduced regression of central vessels followed by ischemia, consequential high VEGF-A levels, and thus aberrant epiretinal vascular tuft formation (Smith et al. 1994 ), suppression of Notch signaling (Dll4-Fc) greatly enhances sprouting and revascularization of the ischemic central retina (Fig. 5) (Lobov et al. 2007) .
In tumor angiogenesis, many studies on preclinical rodent models initially reported effective reduction of angiogenesis and tumor growth following inhibition of the VEGF-VEGFR pathway (Kim et al. 1993; Holash et al. 2002; Ferrara 2004; Rudge et al. 2005 ). However, more recent experimental work and the cumulative experience in the clinic have been rather disappointing, because the effective response is often absent or very transient (Kerbel et al. 2001; Casanovas et al. 2005; Jain et al. 2006 ). According to current concepts, the inhibition of VEGF-A or VEGFR signaling often leads to resistance because tumor cells use alternative pathways to promote angiogenesis. The observation that inhibition of Notch signaling in tumor endothelium can restore the sensitivity of tumors to anti-VEGF therapy in mouse models raised considerable interest and new hopes for antiangiogenic tumor therapy in humans (Noguera-Troise et al. 2006; Ridgway et al. 2006) . Dll4 ligand has been observed to be strongly expressed in the tumor vasculature (Mailhos et al. 2001; Gale et al. 2004; Patel et al. 2005; Scehnet et al. 2007 ), similar to active angiogenic regions in development (Lobov et al. 2007 ). Blockade of Notch signaling by retroviral or pharmacological delivery of Dll4-Fc or anti-Dll4 antibodies significantly increased vessel branching and density of the tumor vasculature in multiple xenograft models (Fig. 5) (Noguera- Troise et al. 2006; Ridgway et al. 2006; Li et al. 2007; Scehnet et al. 2007 ). Interestingly, this correlates with many new small sprouts and filopodia, suggesting that more endothelial cells are acquiring the tip cell phenotype (Noguera-Troise et al. 2006) . Similar results are observed in tumor xenografts in Dll4 heterozygous mice (Fig. 5) (Gale et al. 2004) . In contrast, Notch signaling overactivation leads an unbranched and less dense tumor vasculature devoid of sprouts and filopodia (Noguera-Troise et al. 2006; Li et al. 2007 ). Paradoxically, in the absence of functional Notch signaling, the tumor growth is reduced despite the extensively abundant and dense vessel network (Noguera-Troise et al. 2006; Scehnet et al. 2007; Hoey et al. 2009; Li et al. 2010) . In fact, this vessel network is poorly functional and fails to deliver oxygen to the tumors as a consequence of poor vessel perfusion (Noguera-Troise et al. 2006; Ridgway et al. 2006; Scehnet et al. 2007 ). Moreover, the vessels have a narrow caliber with decreased or absent lumen and reduced perycite recruitment, indicating defective vascular maturation (Scehnet et al. 2007 ). In contrast, overexpression of Dll4 and therefore increased Notch activation resulted in reduced tumor sprouting and angiogenesis, but increased vessel diameter and better perfusion and oxygenation, consequently reducing tumor cell death and accelerating tumor growth (Li et al. 2010) . Jagged1, which is reportedly expressed by some tumor cells, can also induce angiogenesis and affect tumor growth in different tumor models (Zeng et al. 2005; Funahashi et al. 2008) . In line with its role in physiological conditions, tumor cell Jagged1 appears to antagonize endothelial Dll4 functions during tumor angiogenesis (Fig. 5) (Benedito et al. 2009 ). Moreover, the Dll1 ligand has also been reported to be involved in pathological angiogenesis and in arterial differentiation, but we currently lack detailed information about its precise role in vascular patterning (Takeshita et al. 2007; Sorensen et al. 2009 ).
Taken together, the observations obtained in the developing mouse retina and zebrafish embryo illustrate that Notch signaling acts as a negative regulator of VEGF-induced angiogenesis and is essential for proper vascular morphogenesis. Moreover, these data indicate that the tip/stalk specification principle, which works during physiological angiogenesis, also applies to pathological sprouting angiogenesis (Figs. 4,5) .
CROSS TALK BETWEEN THE VEGF AND NOTCH SIGNALING PATHWAYS
The VEGF and Notch signaling pathways are both key regulators of the angiogenic process, being both involved in the specification of the tip and stalk cell phenotype (Fig. 4) . It is therefore imperative that we ask how these two pathways work together to achieve functional patterning during sprouting angiogenesis.
Several lines of evidence indicate that VEGF signaling acts upstream of the Notch pathway during physiological and pathological angiogenesis (Stone et al. 1995; Lawson et al. 2002; Patel et al. 2005; Ridgway et al. 2006; Lobov et al. 2007 ), controlling the expression of different Notch components.
In in vitro studies, VEGF-A stimulation consistently increases the expression of Dll4 protein on the surface of human umbilical vein endothelial cells (HUVECs) (Ridgway et al. 2006) . Also in human tumor samples, the expression of Dll4 mRNA increased up to ninefold in tumor blood vessels compared with vessels in the surrounding healthy tissue and correlated with increased local VEGF-A expression (Patel et al. 2005) . Conversely, a rapid decrease of Dll4 expression has been reported in tumor blood vessels of different xenograft models after VEGF-A blockade (Noguera-Troise et al. 2006; Thurston and Kitajewski 2008) .
Additionally to the observations reported before, hypoxic conditions, which prominently induce VEGF-A expression, appear to directly up-regulate Dll4 mRNA expression in different endothelial cell lines in an Hif1a-dependent manner (Fig. 4) (Patel et al. 2005; Williams et al. 2006) . Consistent with this notion, in the OIR model, high expression of Dll4 has been observed in veins and capillaries or sprouts in close proximity to the avascular-hypoxic regions (Lobov et al. 2007 ).
The same principles apply to normal development angiogenesis in the mouse retina, where high Dll4 expression is found at the vascular sprouting front, immediately adjacent to the avascular and hypoxic retinal periphery that expresses high levels of VEGF-A (Fig. 4) (Stone et al. 1995; Gerhardt et al. 2003; Liu et al. 2003; Lobov et al. 2007; Suchting et al. 2007 ). Retinal VEGF blockade using the VEGFTrap inhibited Dll4 mRNA expression in the growing retinal vascular plexus. Conversely, intravitreal injection of VEGF increases Dll4 expression, collectively showing that VEGF-A signaling in endothelial cells in vitro and in vivo quantitatively regulates Dll4 expression (Lobov et al. 2007; Suchting et al. 2007 ). This is not only true for the sprouting front, because VEGF-A also acts upstream of Dll4 during the determination of arterial -endothelial cell fate in the zebrafish model (Lawson et al. 2002) .
Exactly how VEGF-A signaling controls Dll4 is less well understood. In arteries, VEGF-A-mediated induction of Dll4 has been reported to involve both PI3K activation and the activity of the Forkhead family transcriptions factors FoxC1 and FoxC2 (Hayashi and Kume 2008) . A recent study further identified a conserved transcriptional repressor complex comprising Tel and CtBP, which occupy the Dll4 promoter, and upon VEGF-A stimulation transiently disassemble, leading to temporal derepression of Dll4 transcription (Roukens et al. 2010) . The timing of this event correlates with Erk1/2 phosphorylation, but the detailed activation pathway remains unclear.
In addition to VEGF-A acting upstream of Dll4, it has become clear that Notch, in turn, controls VEGF signaling. In general, all observations support the concept that Notch signaling via Dll4 principally acts as a negative feedback regulator to control VEGF-induced angiogenesis. Accordingly, endothelial Notch activation regulates the expression of the different VEGFRs (VEGFR1, 2, and 3) as well as the coreceptor Nrp1 (Fig. 4) . Notch activation in HUVECS leads to VEGFR1 mRNA induction www.perspectivesinmedicine.org (Harrington et al. 2008; Funahashi et al. 2010) . In contrast, VEGFR2 and Nrp1 mRNA is markedly reduced by Notch activation in HUVECs (Soker et al. 1998; Ridgway et al. 2006; Williams et al. 2006) , indicating that Notch signaling is able to regulate how the endothelial cells respond to VEGF. In fact, it has been suggested that the reduction of VEGFR2 and Nrp1 expression may be responsible for the low proliferative and migratory response observed in Dll4-overexpressing endothelial cells (Williams et al. 2006) .
Similar interactions between VEGF and Notch pathways have been described in vivo. Down-regulation of VEGFR2 has been reported in blood vessels in Dll4-overexpressing tumors (Li et al. 2007 ). In contrast, genetic inactivation of one allele of Dll4 in mice significantly increases the expression of VEGFR2 mRNA while decreasing the levels of VEGFR1 mRNA (Suchting et al. 2007) . Moreover, independent reports show that endothelial cells in Dll4 heterozygous retinas or in wild-type mice treated with g-secretase inhibitors up-regulate VEGFR3 (Tammela et al. 2008) . Equivalent results were obtained in zebrafish (Siekmann and Lawson 2007) , where VEGFR3 is involved on driving sprouting angiogenesis in intersegmental arteries (Covassin et al. 2006; Tammela et al. 2008 ). Thus, Notch activity appears to modulate the sensitivity of endothelial cells to the inductive activity of VEGF-A, but up-regulating the decoy receptor VEGFR1 and downregulating the signaling receptors VEGFR2 and VEGFR3 (Fig. 4) .
TIP/STALK SELECTION MODEL
In accordance with the experimental observations, the current concepts propose that the VEGF and Notch signaling pathways cooperate in tight coordination to specify and balance the tip and stalk cell phenotype between the endothelial cells that constitute the sprouts during the physiological and pathological angiogenic process. To this end, Notch signaling acts in a negative feedback loop with VEGF signaling during sprouting angiogenesis (Fig. 4) . The model stipulates that the initial angiogenic response is induced by VEGF gradients established in the hypoxic tissues. Under VEGF stimulation, the endothelial cells of the pre-existing vessel become activated and compete for the tip cell position by Dll4/Notch signaling (Fig. 4) .
Small stochastic differences in VEGFR2 expression or activity between endothelial cells, or differences in the local VEGF environment of the individual cells could initially give to some endothelial cells a competitive advantage against their neighbor to acquire the tip phenotype (Fig. 6) . Indeed, the ability of an individual cell to become a tip cell appears to be strictly dependent on its VEGFR expression profile in comparison with that of the neighboring cells (Fig. 6) . Specifically, in in vitro sprouting competition assays, in developmental analysis of chimeric mouse retinal vasculature, and in a new computational model of tip cell selection, endothelial cells with genetically encoded higher VEGFR2 or lower VEGFR1 levels showed a remarkable competitive advantage to develop and maintain the tip cell behavior compared to their wild-type neighbors (Fig. 6) (Jakobsson et al. 2010) . Surprisingly, the VEGFR levels have no effect on migration speed or cell proliferation. Also, this competition is remarkably robust to changes in relative cell contribution, together illustrating that the mechanism of competition for the tip cell is not a migration race to the tip or a relative overgrowth of one population. Instead, it turns out that the VEGFR levels directly translate into Dll4 expression and that VEGFR levels only affect tip cell potential in the presence of active Notch signaling. In this "battle for the lead," the endothelial cell that expresses more Dll4 ligand than its neighbors acquires the tip cell phenotype because it can more effectively inhibit its neighbors in the growing sprout (Figs. 4 and 6) . Recently, the role of VEGFR1 as negative regulator of tip cell formation has been confirmed also in zebrafish, indicating that Notch-mediated regulation of VEGFR1 represents an evolutionarily conserved mechanism to regulate competition for the tip position (Krueger et al. 2011) .
The idea of competition via VEGFR and Dll4 levels are consistent with previously observed correlation between locally high VEGF expression and endothelial Dll4 expression (Claxton and Fruttiger 2004) . In situ hybridization in developing retinas showed the prevalent expression of Dll4 transcripts in tip cells and corresponding expression of Notch target genes in the stalk cells (Claxton and Fruttiger 2004; Hellstrom et al. 2007b; Hofmann and Luisa Iruela-Arispe 2007) .
Earlier mosaic analysis using transplantation in zebrafish models or mosaic Cre-loxmediated recombination in the mouse retina also support the principles of Notch-mediated competition.
In mouse, inducible mosaic recombination of the Notch1 allele flanked by loxP sites, in combination with the R26R Cre-reporter allele (VEcadCreER T2 /R26R/Notch1 floxed/floxed mice), illustrated that Notch1-deficient endothelial cells dominate the tip cell position (Hellstrom et al. 2007b) .
In zebrafish, Siekmann and Lawson (2007) transplanted either Notch-signaling-deficient or constitutively Notch-signaling-active cells into wild-type host embryos to investigate their position in the developing intersegmental vessels. Quantification revealed a robust Outline of the genetic mosaic-sprouting assay in vitro between wild-type (WT) and VEGFR2 or VEGFR1 heterozygous endothelial cells. Cells with higher VEGFR2 levels or lower VEGFR1 levels preferentially acquire the lead position (tip cell) in the sprout. VEGFR levels modulate the expression of Dll4 ligand during the selection process. VEGFR2 þ/2 cells produce less Dll4 mRNA and protein when competing with wild-type cells, which reduces their ability to compete for the tip cell phenotype. The opposite is true for VEGFR1 þ/2 cells in competition with wild-type cells.
VEGF and Notch in Tip and Stalk Cell Selection
Cite this article as Cold Spring Harb Perspect Med 2013;3:a006569 overrepresentation of Notch-signaling-deficient cells in the tip cell position, whereas Notchactive cells were excluded from the tip position and instead were confined to the base of the sprouts (Siekmann and Lawson 2007) . More recently, mouse ES cells lacking one allele of Nrarp, a negative regulator of Notch, showed reduced ability to form tip cells when competing with wild-type embryonic stem (ES) cells in the three-dimensional (3D) sprouting assay. These results illustrate that even a small increase in Notch signaling robustly interferes with the ability of cells to compete with their neighbors for the tip (Jakobsson et al. 2010) . Also, Dll4-heterozygous ES cells cannot compete with wild-type cells for the tip. In contrast, in a mosaic context, endothelial cells deficient for Jagged1 ligand preferentially acquire the tip cell position (Benedito et al. 2009 ), consistent with the idea that Jagged1-deficient cells will more efficiently activate Notch in neighboring cells. Altogether, the mosaic analyses in various model systems corroborate a model in which VEGFR signaling quantitatively regulates Dll4 levels, which, in turn, determine the tip cell potential of the individual cell in a competitive manner. A cell that in this process receives more Notch input will invariably adopt the stalk cell phenotype because it is effectively inhibited from becoming a tip cell (Fig. 4) .
The spatial requirements of contactmediated "lateral inhibition" via Dll4/Notch signaling theoretically demand that, in a row of endothelial cells stimulated by VEGF-A, maximally two consecutive stalk cells can form between tip cells. A subsequent division of stalk cells should in theory lead to three or more stalk cells, which, however, cannot inhibit each other from becoming a tip cell. Any endothelial cell that is activated by VEGF-A and not directly inhibited by a neighbor expressing high levels of Dll4 will default to the tip cell phenotype and thus initiate a new sprout (Fig. 4) . This fundamental principle is now believed to represent the key mechanism of spacing vascular sprouts during normal development.
An agent-based computational model of this VEGF-VEGFR-Dll4-Notch-VEGFR regulatory feedback loop between endothelial cells (Bentley et al. 2008 ) strongly supports the theoretical model and illustrates that under appropriate VEGF stimulation, this feedback mechanism is sufficient to mediate tip -stalk selection (Bentley et al. 2008) . However, the very same feedback regulation shows very different behavior when simulating pathologically high VEGF concentrations. Instead of establishing alternating tip and stalk cells, the endothelial cells synchronously oscillate between the two phenotypes and thus fail to coordinate a sprouting and branching process. Intriguingly, this emergent behavior of the computational model raises the possibility that the aberrant vascular patterning observed in pathological situations could be a consequence of local Notch oscillations in endothelial cell populations exposed to high VEGF-A concentrations. Such synchronous oscillations of Notch signaling occur in other developmental systems, most prominently during somitogenesis (Kageyama et al. 2007 ). Although experimental evidence for the existence of Notch oscillations in the endothelium is currently lacking, the implications warrant efforts to understand the dynamic control of Dll4/Notch signaling in more detail.
TIP/STALK SELECTION IS DYNAMIC
During the continued sprouting, branching, and anastomosis process as the vascular network expands, new tip cells will have to be formed, whereas others may convert to stalk cells. Indeed, emergent behavior in the computational model of tip/stalk selection illustrated that meeting of two tip cells during anastomosis will trigger renewed competition (Bentley et al. 2009 ). As a consequence of changing endothelial neighbors, previously inhibited stalk cells can be relieved from their inhibition and become new tip cells. Thus, endothelial tip and stalk cell specification does not represent permanent cell fate decisions but, rather, dynamic phenotypical specification in flux.
Time-lapse confocal microscopy of clonally labeled cell populations in zebrafish embryos in vivo and in 3D sprouting assays in vitro delivered new insight into the surprisingly dynamic behavior of tip and stalk cells within individual sprouts. Endothelial cells in the extending sprouts appear to engage in iterative or continued battles for the tip position, leading to frequent exchange of the tip cells. The precise reason for this behavior is not fully understood, but Notch signaling again appears to play a part in its regulation (Jakobsson et al. 2010) .
The dynamic selection of phenotypes and continued competition must arguably serve an important function, because they come at considerable cost; stalk cells actively form lumen and must engage in a repolarization effort, to establish apical (luminal) and basal domains during tubulogenesis. However, if they frequently switch between the migratory, leading tip cell phenotype, and the lumen-forming stalk cell, the entire architecture of the developing vessel is in constant flux, defying the notion of stable cell identities and functions. Future efforts will therefore be focused on both understanding the molecular regulation of the dynamic behavior and unraveling its important biological function.
FUTURE DIRECTIONS
In this article, we have summarized key components and current concepts of the VEFG and Notch signaling pathways and how they critically regulate vascular patterning by controlling endothelial tip and stalk cell specification in sprouting angiogenesis. Despite the vast amount of literature on both pathways and the plethora of recent studies on their interactions in angiogenesis, many questions remain unanswered. Are tip and stalk cells universal concepts applicable to all areas of angiogenesis? What is the role of extracellular matrix in their behavior? How is the polarity of tip and stalk cells regulated? How is Dll4 expression dynamically controlled, and what is the ultimate effector of Notch determining the stalk cell phenotype? And in disease processes, does the prediction of synchronous Notch signaling oscillations hold true? Will we be able to identify novel critical parameters and regulators in the VEGF-Dll4/Notch feedback loop that will allow us to devise effective strategies for vascular normalization or antiangiogenesis therapy? The pace of recent development in this area, the growing number of researchers focusing on similar powerful developmental systems, and the integration of insights from computational models, developmental biology, and clinical studies raise hopes that we may soon be able to find answers to these and further questions.
